The diaphragm, the main muscle of inspiration, is constantly subjected to mechanical loading. One of the very few occasions during which diaphragm loading is arrested is during controlled mechanical ventilation in the intensive care unit. Recent animal studies indicate that the diaphragm is extremely sensitive to unloading, causing rapid muscle fiber atrophy: unloading-induced diaphragm atrophy and the concomitant diaphragm weakness has been suggested to contribute to the difficulties in weaning patients from ventilatory support. Little is known about the molecular triggers that initiate the rapid unloading atrophy of the diaphragm, although proteolytic pathways and oxidative signaling have been shown to be involved. Mechanical stress is known to play an important role in the maintenance of muscle mass. Within the muscle's sarcomere titin is considered to play an important role in the stress-response machinery. Titin is the largest protein known to date and acts as a mechanosensor that regulates muscle protein expression in a sarcomere strain-dependent fashion. Thus, titin is an attractive candidate for sensing the sudden mechanical arrest of the diaphragm when patients are mechanically ventilated, leading to changes in muscle protein expression. Here, we provide a novel perspective on how titin, and its biomechanical sensing and signaling, might be involved in the development of mechanical unloading-induced diaphragm weakness. respiratory muscle disuse; connectin; muscle wasting THE DIAPHRAGM IS THE MAIN muscle of respiration. It contracts during each breathing cycle, thereby changing the anatomic configurations of the chest wall so that air flows into the lungs. Thus, the diaphragm is indispensable for life and is constantly subjected to mechanical loading.
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Recent studies show that the diaphragm is remarkably sensitive to changes in mechanical loading. For instance, elevated diaphragm loading may cause profound diaphragm atrophy, injury, and weakness (25, 39, 40, 45, 52) . Conversely, unloading of the diaphragm, as occurs in patients in the intensive care unit during controlled mechanical ventilation, also rapidly affects the inspiratory muscles. Levine et al. (31) revealed that brain-dead patients develop Ͼ50% atrophy of diaphragm fibers after only several days of mechanical ventilation, whereas non-respiratory muscles were unaffected. Mechanical ventilation-induced atrophy compromises the capacity of the diaphragm to generate force and contributes significantly to the difficulties in weaning these patients from ventilatory support (5) . Weaning failure represents a large financial burden and is associated with several side effects including ventilator-associated pneumonia and thrombosis (23) . Accordingly, clinicians aim to liberate patients from the ventilator as soon as possible.
Little is known about the molecular triggers that initiate the rapid disuse atrophy of the diaphragm. Although ventilationinduced systemic effects cannot be ruled out (26) , the majority of existing data points toward local mediators within the diaphragm. For instance, mechanical ventilation induces oxidative stress in the diaphragm, which enhances proteolysis leading to atrophy and muscle weakness (3, 50) . Here, we postulate that the reduction of mechanical stress per se during mechanical ventilation might be involved as well, with a mediating role for the giant sarcomeric protein titin.
Titin is the largest protein known to date (3-4 MDa) (28) and spans the entire length of the sarcomere from Z-disk to M-band (Fig. 1) . The central I-band region of titin is extensible and functions as a spring element that gives rise to the development of passive tension when a sarcomere is stretched. The COOH-terminal region of titin is located in the A-band, is inextensible, and contains near the M-band a kinase domain. As in the Z-disk, where titin filaments from opposite sarcomeres overlap, titin filaments from opposite half-sarcomeres overlap within the M-band, where they are interconnected by M-band proteins. Thus, titin filaments with opposite polarity overlap in both Z-disk and M-band, forming a contiguous filament along the myofibril. This layout of titin within the muscle's sarcomere makes it ideally suited to sense changes in mechanical loading. Indeed, various lines of research now suggest that titin plays an important role in the stress-response machinery. Below, we highlight these properties of titin, to build a framework for a novel, titin-based, perspective on ventilator-induced diaphragm weakness.
Titin acts as a mechanosensor. Recent studies provide evidence for the notion that titin acts as a mechanosensor that regulates protein expression in a sarcomere strain-dependent fashion (29, 47) . This makes titin an attractive candidate for sensing the sudden mechanical arrest of the diaphragm during mechanical ventilation, leading to changes in muscle protein synthesis. Myosin synthesis is markedly reduced already 6 h after onset of controlled mechanical ventilation (15, 49) . A central role in the regulation of protein synthesis has been ascribed to Akt, which can be activated through phosphorylation downstream of IGF1 to induce hypertrophy (48) . Both IGF1 (17) and phosphorylated Akt (34) have been shown to be downregulated in the diaphragm of ventilated rats, suggesting a role for the Akt pathway in reducing protein synthesis in the diaphragm during mechanical ventilation. A downstream target of Akt is the serum response transcription factor (SRF) (57) . SRF serves as a versatile protein that regulates gene expression and muscle hypertrophy (32) . In addition to being a target of Akt signaling, SRF links titin-based signaling at the sarcomere's M-line to protein turnover in a muscle load-dependent fashion (29) . At the periphery of the M-line, titin contains a serine/threonine kinase domain (TK) (16) , which is ideally positioned to sense mechanical load. A signaling complex has been identified (see Fig. 2A ) that interacts with the titin kinase, consisting of the zinc-finger protein nbr1, which interacts with the TK through a mechanically inducible conformation and that targets the ubiquitin-associated p62 to sarcomeres (29) . p62 in turn interacts with MuRF2, a muscle-specific RING-Bbox protein and ligand of the transactivation domain of the SRF. Importantly, nuclear translocation of MuRF2 was induced by mechanical inactivity and caused reduction of nuclear SRF and repression of transcription. Known SRF target genes include the sarcomeric proteins actin (6) and myosin heavy chain IIa (1), as well as IGF1 (8) . Notably, a human mutation in the titin kinase has been shown to disrupt this titin kinasesignaling complex leading to muscle disease with early involvement of the diaphragm, causing respiratory failure as a frequent cause of death (29) . Thus, an attractive hypothesis is that the abrupt arrest of diaphragm loading in mechanically ventilated patients impairs protein turnover due to effects on titin kinase signaling. Finally, it is worth highlighting that during controlled mechanical ventilation, the diaphragm is not only unloaded but also continuously passively shortened from its resting length and then restretched. In contrast to the effects of passive lengthening, so far the effects of passive shortening on titin kinase signaling have not been investigated.
Titin-based signaling and proteolysis. Titin-based signaling plays a role in protein degradation. Gene expression profiling in different models of muscle atrophy lead to the identification of a subset of genes that are commonly upregulated in atrophying muscle (4) . These so-called atrogenes include the muscle-specific ubiquitin ligases atrogin-1/MAFbx and MuRF-1. MAFbx and MuRF-1 conjugate ubiquitin molecules to proteins to mark these for degradation by the proteasome (36) , and recent studies have identified myosin heavy chains as targets of MuRF-1-mediated ubiquitination and degradation (9, 12) . MuRF-1 and MAFbx have been shown to be consistently upregulated in animal models of mechanical ventilation (34, 53) , as well as in the diaphragm of mechanically ventilated brain-dead patients (31) . However, the upregulation of MuRF-1 in unloaded diaphragm is not only more pronounced than in other conditions associated with muscle atrophy, but also more pronounced than the upregulation of MAFbx (11, 30, 31, 34, 53) , whereas in conditions associated with elevated diaphragm loading, such as COPD, MuRF-1 expression has been found to be unaltered, but MAFbx significantly upregulated (43, 52) . Perhaps this exaggerated response of MuRF-1 to diaphragm unloading is related to its titin-binding properties. MuRF-1 is a well-established titin-binding protein (7), and titin and titinbased protein complexes are recently recognized as integral parts of the mechanosensitive protein network and as critical components in loading-induced muscle signaling (see also the previous paragraph). Titin's binding sites for signaling proteins are not randomly distributed along the titin filament but seem restricted to "hot spots": one in and near the Z-disk, another in the central I-band, and a third in the M-band region (for a schematic overview, see Fig. 2A ). The M-line region of titin (for a more detailed discussion of Z-disk and I-band signaling, see Ref. 20) contains a number of sites that may be involved in sensing and signaling. These include a binding site for MuRF-1 (7, 37) . Although MuRF-1 binds titin, ubiquitination of titin itself appears to be regulated by MuRF-1-independent pathways (58) . Considering that MuRF-1 binds in the vicinity of Fig. 1 . Model of the sarcomere, the smallest contractile unit of striated muscle. The sarcomere comprises 3 major filaments: the thin (mostly actin) filaments, the thick (mostly myosin) filaments, and the giant filamentous molecule titin. The thin filaments are anchored in the Z-disk, where they are cross-linked by ␣-actinin. The thick filaments are centrally located in the sarcomere and constitute the sarcomeric A-band. The myosin heads, or cross-bridges, on the thick filament interact with actin during activation. Titin spans the half-sarcomeric distance from the Z-band to the M-band, thus forming a third sarcomeric filament. In the I-band region, titin is extensible and functions as a molecular spring that develops passive tension upon stretch. In the A-band, titin is inextensible due to its strong interaction with the thick filament.
the titin kinase, it has been proposed that MuRF-1 exerts its influence in a mechanical strain-dependent fashion (19) . Thus, in loaded muscle, part of the MuRF-1 pool might be sequestered by titin, which is released upon muscle unloading to induce proteolysis.
A role for titin in mechanical ventilation-induced proteolysis might involve effects on calpain activity as well. After 18 h of mechanical ventilation of rats (50), calpain-like activity was Ͼ2-fold upregulated, and inhibition of calpain activity attenuated protein degradation and diaphragm atrophy. The calpain family is a group of intracellular cysteine proteases requiring calcium for activity; calpain-1 and -2 are expressed ubiquitously, and calpain-3, also known as p94, is striated muscle specific. Evidence indicates that activation of calpains is an initial step in myofilament proteolysis by cleavage of myosin and actin (38) . In this way, calpains yield fragments that are degradable by the ubiquitin-proteasome pathway. p94 is very sensitive to autolysis, and its stability and activity is thought to be regulated by binding to titin. p94 has been shown to bind to the PEVK region, the M-line region, and the N2A element of titin (22, 27, 51) (see Fig. 2A ). In vitro studies revealed that the p94-N2A interaction suppresses p94 autolysis and protects titin from proteolysis (22) . These observations suggest that p94 and titin function as a complex in skeletal muscle sarcomeres. Calpain-1 (or u-calpain) has been found to be upregulated in rat diaphragm during mechanical ventilation (35) . Recent work indicated that ϳ40% of total calpain-1 is tightly bound to the extensible I-band region of titin (10) rendering it inactive. Importantly, calcium binding to titin increased the amount of bound calpain-1, and it was suggested that the bound calpain-1 constitutes a reservoir for this protease. Although the mechanisms underlying calpain-1 release from titin are unknown, it seems plausible that when the diaphragm muscle is inactive and cytosolic calcium levels are low, calpain-1 is released from Fig. 2 . A: a schematic representation of the 3 "hot spots" for titin-based sensing and signaling at the Z-disk, I-band, and M-line of the sarcomere (for a detailed discussion of these titin-binding proteins, see Ref. 20) . Note that at the periphery of the M-line, titin contains a kinase domain which senses mechanical load. Moreover, a signaling complex has been identified that interacts with the titin kinase, consisting of nbr1, which interacts with the titin kinase and that targets the ubiquitin-associated p62 to the M-line. p62 in turn interacts with MuRF2, a muscle-specific RING-B-box protein and ligand of the transactivation domain of the serum response transcription factor. Mechanical inactivity of muscle induces nuclear translocation of MuRF2 to reduce nuclear serum response transcription factor and repress transcription. B: titin-based skeletal muscle stiffness can be altered via alternative splicing of the titin gene. For simplicity, only 2 titin molecules per half-sarcomere are depicted (the real number is likely to be 6). During skeletal muscle development, titin isoform size has been shown to decrease, with the magnitude of decrease depending on muscle type and ranging from ϳ100 to ϳ500 kDa (42) . Titin microarray analysis revealed that the decrease in titin isoform size during development is largely caused by restructuring of titin's extensible I-band region, in particular the PEVK segment. Mechanical studies revealed that the loss of PEVK exons during development increases the passive tension generation upon fiber stretch (right) (44) .
titin to become active in cleaving cytoskeletal proteins. Whether the affinity of calpain-1 for titin is stretch dependent has not been investigated, but certainly warrants investigation.
Titin isoform size and proteolysis. Titin isoform size has been suggested to depend on mechanical stress. Multiple splice pathways in the I-band encoding region of the titin gene give rise to isoforms with distinct spring compositions (13) . In humans, the titin gene contains 363 exons coding for a protein that is maximally ϳ4.2 MDa in size (2): alternative splicing of the titin gene results in isoforms that range from 3 to 4 MDa. Recent work from our lab revealed that neonatal diaphragm expresses a single large titin isoform that as a function of age gradually becomes smaller (unpublished observations). Although similar results were found in skeletal muscles from the leg (42), the isoform half-transition time was shortest in diaphragm muscle with significant changes in isoform size detected within 48 h. Interestingly, titin isoform size in embryonic tissue was comparable to neonatal tissue immediately after birth, suggesting that titin isoform switching might be triggered by the increased muscle loading after birth. As diaphragm loading undergoes a profound increase after birth, this can potentially explain the rapid isoform transition in the diaphragm compared with leg muscles. The decrease in titin isoform size during development is largely caused by restructuring of titin's extensible I-band region, in particular the PEVK segment, leading to increased passive stiffness of muscle fibers (for a schematic, see Fig. 2B ). Changes in the diaphragm are apparent already after 6 -12 h of controlled mechanical ventilation of rodents (49) . Although detailed studies that address whether titin isoform switching occurs on a time scale this fast have not been conducted, we believe that it is more likely that initially titin exerts an effect on diaphragm function through changes in titin-based signaling pathways (as discussed above), whereas titin isoform switching contributes at a later stage. Future studies should address this issue and study titin isoform size and exon composition in the diaphragm of mechanically ventilated patients at various time points following unloading. In addition to modulating titin isoform size, mechanical unloading is known to induce titin degradation. For instance, recent studies revealed preferential loss of titin during soleus unloading, which was associated with reduced passive tension of muscle fibers (54, 55) . Both an increase of titin isoform size and preferential loss of titin with mechanical unloading could have significant consequences for the diaphragm of mechanically ventilated patients. For instance, more compliant titin isoforms could 1) reduce the sarcomere's ability to maintain the thick filament centrally located (24) , 2) reduce calcium sensitivity of force generation by increasing the distance between the thick and thin filaments (14) , and 3) reduce muscle protein synthesis by reducing the strain on the titin kinase domain (29) .
Summary and future directions. Whereas titin's functional roles were once thought to be restricted to providing myofibrillar elasticity, recent studies suggest that titin may function as a mechanical load sensor. Titin together with its ligands in the Z-disk, I-band, and M-line region of the sarcomere could act as a "tensiometer" that when it senses that stress levels rise or fall beyond physiological limits, triggers downstream signaling events leading to changes in muscle gene expression and proteolysis, altering the trophic status of muscle. We propose that titin and its signalosomes are intimately involved in ventilator-induced structural and functional changes in the diaphragm muscle (for a schematic, see Fig. 3) . These ideas could be tested by studying the effects of mechanical ventilation on diaphragm function and structure in mice, which harbor genetically engineered changes in titin's properties [e.g., absence of the titin kinase domain (18, 41) or shorter spring elements rendering stiffer titin molecules (21) ]. Such studies will elucidate whether titin plays a primary role in diaphragm remodeling during mechanical ventilation.
Clinicians are presently unsure whether the diaphragm of patients with acute respiratory failure should be completely unloaded by the ventilator or whether some level of activation must be imposed (56) . If, indeed, disuse of the diaphragm does induce rapid structural modification of titin, it could be argued that at least some level of diaphragm activation should be maintained at any time during mechanical ventilation either by using a supportive ventilatory mode, instead of controlled mechanical ventilation, or by diaphragm muscle pacing. Clearly, more work, including a better understanding of the role of titin, is needed in this fascinating and clinically important area of research.
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This work was financially supported by a VENI grant (016.096.043) from the Dutch Organization for Scientific Research (C. A. C. Ottenheijm) and National Heart, Lung, and Blood Institute Grant HL-061497 (H. Granzier). Fig. 3 . Schematic illustrating the potential role of titin in the development of diaphragm dysfunction during controlled mechanical ventilation. Prolonged mechanical ventilation and the concomitant diaphragm unloading results in diaphragm muscle fiber atrophy and contractile dysfunction. The current dogma regarding the pathogenesis of the diaphragmatic changes upon unloading includes key roles for diaphragmatic oxidative stress and increased proteolysis (through activation of the ubiquitin-proteasome pathway, calpains, and capases) and decreased protein synthesis (for a review see Ref. 46) . Recent studies suggest that titin's properties respond to changes in muscle loading and that it acts as a mechanosensor that regulates the muscle's trophic status by regulation of protein expression and degradation. Furthermore, although little information is available regarding the effect of titin signaling on oxidative stress and vice versa, previous work suggests that titin's stiffness can be modulated by oxidative modification (33) . We propose that titin, through its mechanosensing and signaling, contributes to the development of diaphragm contractile dysfunction and atrophy during mechanical ventilation-induced diaphragm unloading. Solid lines, established pathways involved in the pathogenesis of ventilator-induced diaphragm weakness; dashed lines, the novel titin-based pathways proposed in this Perspective.
